We study periodic lattices of silicon nanorods and introduce the concept of a phase diagram characterizing the regimes of photonic crystals and metamaterials. We unveil a novel regime with a robust bandgap which can endure disorder beyond 30% of the lattice constant.
Introduction
The idea for manipulating the electromagnetic properties of materials by subwavelength structures can be dated back to late nineteenth century, when Heinrich Hertz managed to control metre-long radio waves through wire grid polarizer with centimetre spacing [1] . As the rapid advancement of the nanotechnology with fabrication resolution down to micrometres or even nanometres, a plethora of systems with structure-induced optical properties are achieved, ranging from photonic crystals to metamaterials. Among them, photonic crystals are periodic optical nanostructures that have attracted considerable interest for their ability to confine, manipulate, or guide light [2] . Spatial periodicity of the dielectric function is essential to obtain a photonic bandgap where the propagation for photon energies within the gap is forbidden, providing unique features for a variety of applications such as lasers, all-optical memories, and emission control. In realistic photonic crystals, disorders due to imperfect fabrication are inevitable. The impact of disorder on photonic structures has been extensively studied both numerically and experimentally. When the disorder is small enough (up to a few percent of the lattice constant) to be treated as perturbation, the interaction between the order and disorder gives rise to interesting optical transport phenomena involving multiple light scattering, diffusion and localisation of light. Inspired by the recent studies of the highindex dielectric nanostructures, metasurfaces, and metamaterials, we propose photonic structures with disorderimmune photonic bandgaps, by virtue of the optically induced Mie resonances. In spite of the similarity in structural elements, the light reflection or confinement of metamaterials is fulfilled through Mie scattering instead of Bragg resonance, releasing the stringent requirement of the periodicity and consequently enhancing [3] .
Results and Discussions
We consider a periodic lattice of dielectric rods (see Fig 1a) and demonstrate that, by engineering the lattice and its geometry, we are able to realize the silicon-based Mie-resonant bulk metamaterials, as summarized in For the case of silicon rods the phase boundary is determined by a crossing/anti-crossing criterion. In contrast to a square lattice, a hexagonal lattice allows a smaller minimum value of the rod permittivity (ε =14), which is required for the regime of the Mie-resonant metamaterial. Also, we can even employ silicon, taking advantage of the fact that it is an indirect semiconductor with the real part of its permittivity growing up to 18, with losses remaining weak. Next, we study the effect of disorder. When the disorder increases, the translational symmetry of the system becomes completely broken, driving the reciprocal space ill-defined. Consequently, we investigate the properties of the photonic bandgaps in the real-space other than in the reciprocal space, regarding the fact that the bandgap is related to a low-transmission part in the corresponding spectrum. Figure 2 summarises the transmission spectra of the system at different levels of disorder, which are simulated with the FDTD numerical method. The light propagates along the y axis. Here, we consider the TE polarisation where the magnetic dipole resonance of the rod results in Mie gaps in the spectral region [4] . A rod permittivity ε= 4 corresponds to a photonic crystal while ε= 25 corresponds to a dielectric metamaterial. The physical nature of the lowest bandgap (shaded in Fig. 2 ) defines the structure phase, whether it is formed by Bragg or Mie scattering. Figure 2a illustrates the variation of the transmission T as the increment of the disorder for a photonic crystal. When the disorder is intensified, the bandgap with low transmission disappears. Figure 2b demonstrates the distribution of the electric field and clarifies the elimination of the stop band. In Fig. 2c , the value of ε increases to 25, where the system transforms from photonic crystal to dielectric metamaterial [3] . Surprisingly, the bandgap survives under strong disorder with σ beyond 200 nm or 40% of the lattice constant, as demonstrated by the blue line. In this regime, every individual nanorod plays a paramount role to form the bandgap through the dipolar Mie resonance, reducing severe requirement of the periodicity from cooperative Bragg process. Similarly, Fig. 2d provides more details with the field distributions in spite of the identical configuration of the nanorods arrangement. Since the Mie bandgap is robust against positional disorder, metamaterials enable waveguides in disordered structure Fig. 1c 
Conclusions
We have unveiled a novel regime for photonic structures with robust bandgaps by transforming the system from a photonic crystal to metamaterial. When the Mie scattering from individual elements overwhelms the Bragg scattering that requires a perfect periodicity, the operation of light reflection and confinement is able to endure intense disorder, especially for the imperfection in the position. Robustness to a disorder provides an alternative criterion to illustrate the transition from photonic crystals to metamaterials. Our finding may provide a guide on the nanofabrication of photonic structures ranging from waveguides to optical cavities. Instead of photonic crystals with stringent tolerance demanding sophisticated and time-consuming techniques, replacing the nanostructure with a high-index material provides an alternative way for the establishment of the photonic bandgap.
